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Double beta decay of
100 Mo to the excited states of daughter nuclei has been studied using a 600 cm 3 low-background HPGe detector and an external source consisting of 2588 g of 97.5% enriched metallic 100 Mo, which was formerly inside the NEMO-3 detector and used for the NEMO-3 measurements of 100 Mo. The half-life for the two-neutrino double beta decay of 100 Mo to the excited 0 Keywords: Double beta decay; 100 Mo; Excited states
Introduction
Experiments with solar, atmospheric, reactor and accelerator neutrinos have provided compelling evidence for the existence of neutrino oscillations driven by non zero neutrino masses and neutrino mixing [1, 2, 4, 3, 6, 5, 7, 8, 9, 10, 11, 12] (see also reviews [13, 14, 15] ). The detection and study of neutrinoless double beta (0νββ) decay may clarify the following problems of neutrino physics (see discussions in [16, 17, 18, 19, 20, 21] ): (i) neutrino nature: whether the neutrino is a Dirac or a Majorana particle, (ii) absolute neutrino mass scale, (iii) the type of neutrino mass hierarchy (normal, inverted, or quasidegenerate), (iv) CP violation in the lepton sector (measurement of the Majorana CP-violating phases).
Double beta decay with the emission of two neutrinos (2νββ) is an allowed process of second order in the Standard Model. The 2νββ decays provide the possibility of an experimental determination of the nuclear matrix elements (NME) involved in the double beta decay processes. This leads to the development of theoretical schemes for NME calculations both in connection with the 2νββ decays as well as the 0νββ decays (see, for example, [22, 23, 24, 25, 26] ). At present, 2νββ decay to the ground state of the final daughter nucleus has been measured for eleven nuclei: 48 136 Xe see recent results of EXO [28] and KamLANDZen [29] ). In addition two neutrino double electron capture was detected in 130 Ba [30, 31] .
The ββ decay can proceed through transitions to the ground state as well as to various excited states of the daughter nucleus. Studies of the latter transitions allow one to obtain supplementary information about ββ decay. Because of the smaller transition energies, the probabilities for ββ decay to excited states are substantially suppressed in comparison with transitions to the ground state, but as it was shown in Ref. [32] , by using low-background High Purity Germanium (HPGe) detectors, the 2νββ decay to the 0 + 1 level in the daughter nucleus may be detected for such nuclei as 100 Mo, 96 Zr, and 150 Nd. For these isotopes the energies involved in the ββ transitions are large enough (1904, 2202 , and 2631 keV, respectively), and the expected half-lives are of the order of 10 20 − 10 21 yr. The double beta decay of 100 Mo to the 0 + excited state at 1130.3 keV of 100 Ru was first observed in [33] , and later confirmed in independent experiments [34, 35, 36, 37, 38, 39] . In 2004, the transition was detected in 150 Nd for the first time [40, 41] . For 96 Zr only a limit has been obtained up to now (T 1/2 > 6.8 · 10
19 yr [42] [43, 44, 45] ). Recently it was speculated [46] that neutrinos may violate the Pauli exclusion principle (PEP) and therefore, at least partly obey Bose-Einstein statistics (see also [47] ). As a consequence, neutrinos could form a Bose condensate which may account for parts or even all of the dark matter in the universe. As discussed in [48] the possible violation of the PEP has interesting consequences for 2νββ decay. It not only modifies the energy and angular distributions of the emitted electrons, but it also strongly affects the 2νββ decay rates to the ground and excited states in daughter nuclei. Following [48] , the half-life ratios for transitions to excited 2 + states and the 0 + ground state are by far the most sensitive way of obtaining bounds on a substantial bosonic component to neutrino statistics. As a result, information on the decay rates to excited states is needed to test this new and potentially far-reaching hypothesis.
The 0νββ transition to excited states of daughter nuclei provides a unique signature: in addition to two electrons with fixed total energy, one (0
transition) or two (0 + → 0 + 1 transition) photons appear, with their energies being strictly fixed. In a hypothetical experiment detecting all decay products with a high efficiency and a high energy resolution, the background can be reduced to nearly zero. This zero background idea will be the goal of future experiments featuring a large mass of the ββ sample (as mentioned in Refs. [43, 49, 50] ). In Ref. [51] it was mentioned that detection of this transition will also give us the additional possibility of distinguishing between the various 0νββ mechanisms (the light and heavy Majorana neutrino exchange mechanisms, the trilinear R-parity breaking mechanisms etc.).
In this article, results of an experimental investigation of the ββ decay of 100 Mo to the excited states of 100 Ru are presented. The decay scheme for the triplet 100 Mo -100 Tc -100 Ru [52] is shown in Fig. 1 . The measurements have been carried out using a HPGe detector to look for γ-ray lines corresponding to the decay scheme. We study here transitions up to the 2051.7 keV level of 100 Ru. Smaller phase space factors and thus smaller probabilities make it less useful to study the higher excited levels.
Experimental study
The experimental work was performed in the Modane Underground Laboratory (depth of 4800 m w.e.). A 600 cm 3 low-background HPGe detector was used to measure a 2588 g sample of enriched 100 Mo metallic foil in a special delrin box which was placed around the detector endcap. This sample was formerly inside the NEMO-3 detector and used for the NEMO-3 measurements of 100 Mo [53, 37] . Taking cryostat has a U-type geometry to shield the crystal from radioactive impurities in the dewar. The passive shielding consists of three layers of Roman lead (which can be removed to host different sample volumes) with a total thickness of ∼ 12 cm and an external layer of ∼ 20 cm of low radioactivity lead. The activity of Roman lead is below 100 mBq/kg and the activity of low radioactivity lead is ∼ 5-20 Bq/kg. To remove 222 Rn gas, a special effort was made to minimize the free space near the detector and, in addition, the passive shielding is flushed with radon-depleted air (concentration of 222 Rn is ∼ 15 mBq/m 3 ) from a radon trapping facility. The electronics consist of currently available spectrometric amplifiers and a 16384 channel ADC. The energy calibration is adjusted to cover the energy region from 5 keV to 3.5 MeV (the detector is sensitive to energies up to 6 MeV), and the energy resolution is 2.0 keV for the 1332-keV line of 60 Co. The electronics are stable during the experiment due to the constant conditions in the laboratory (temperature of ≈ 23
• C, hygrometric degree of ≈ 50%). All necessary information about radioactive isotopes was taken from databases of the National Nuclear Data Center [54] and were used for analysis of the energy spectrum. The photon detection efficiency for each investigated process has been calculated with the Monte Carlo (MC) code GEANT 3.21 [55] (and re-checked with GEANT 4 [56] ).
To increase the accuracy of the efficiency calculations, special calibration measurements using radioactive sources with well-known activity ( 238 U, 152 Eu and 138 La) have been carried out.
The uranium source, with a diameter of 47 mm and height of 3 mm, contained 5.74 g of uranium ore (IAEA-RGU-1 reference material [57]) with an activity of (28.36 ± 0.09) Bq. Two measurements were carried out: in the first case the source was placed directly on the endcap (in the center) of the HPGe detector, and in the second, it was shifted by 33 mm above the endcap. More than 10 different energy gamma-rays (from 214 Pb and 214 Bi) in the region (100-2500) keV were used for the calibration.
The europium source was a point-like source with an activity (2323 ± 46) Bq. The source was placed 310 mm above the endcap. More than 10 different energy gamma-rays in the region (122-1408) keV were used for the calibration.
In the case of the lanthanum, the source was a mixture of powdery filler (934 g of flour) and La 2 O 3 powder (238 g). This mix was moulded into approximately the same geometry and size as the box used in the 100 Mo measurement. Taking into account the abundance of 138 La ((0.0888 ± 0.0007) % [58] ) and its half-life (T 1/2 = (1.02 ± 0.01) · 10 11 yr [58] ) it is possible to calculate precisely the activity of 138 La: (168 ± 2) Bq. Two gamma-rays are emitted with energies 788 and 1435 keV.
The results of these calibration measurements were used to check the accuracy of the MC simulations. The MC calculations for efficiency were adjusted to the results of the calibration measurements changing some parameters of the detector (mainly by increasing the dead layer of the HPGe detector). As a result discrepancies between experimental and simulated efficiencies do not exceed 7% for all gamma lines of the 3 sources. Figures 2, 3 , and 4 show the energy spectra in the ranges of interest. Arrows indicate the position of the peaks under study. Fig. 1 ). The detection photopeak efficiencies are equal to 3.29% at 539.5 keV and 3.22% at 590.8 keV. These values were obtained using MC simulations. The calculation included the effects of the extended geometry, the attenuation of the γ-rays in the sample, the full-energy peak efficiency of the germanium detector, the summing effects in the detector and the anisotropic angular correlation between the γ-rays emitted after 2β decay of 100 Mo to the 0 20 yr for 590.8 keV peak. Summing the two peaks we obtain a signal of 239 ± 19 events, corresponding to a half-life of 100 Mo to the first 0 + excited state of 100 Ru given by T 1/2 = [7.5 ± 0.6(stat) ± 0.6(syst)] · 10 20 yr. The primary systematic comes from the efficiency calculations (7%), the estimation of the number of useful events (4%) and the uncertainties in the geometrical position of the 100 Mo sample (2%). The uncertainty in the number of useful events is connected with an error in the definition of the average background in the region of the studied peaks and the choice of the fitting procedure. The uncertainty connected with the inaccuracy in the position of the 100 Mo sample in relation to the position of the crystal was estimated by the MC, changing the position of the sample by ± 3 mm along a crystal axis and changing the external diameter of the sample by ± 4 mm.
Analysis and results
Decay to the
0 + 1 excited state This transition is accompanied by two γ-rays with energies of 539.5 keV and 590.8 keV (see
Decay to the 2 + 1 excited state
To search for this transition, one has to look for a gamma-ray with an energy of 539.5 keV. For this single gamma-ray, the detection efficiency is 4.02%. Decays to the 0 + 1 state also contribute to a peak at this energy. In the analysis given above, two measurements of the half life for decays to the 0 + 1 state are given, obtained independently from the 539.5 keV and 590.8 keV peaks. These two measurements are consistent with each other. Since the 590.8 keV peak contains only photons from decays to the 0 + 1 state, this shows that the observed peak at 539.8 keV is consistent with decays to only the 0 + 1 state. Therefore, one can only give a lower limit on the half life for transitions to the 2 + 1 excited state of 100 Ru. The contribution to the 539.5 keV peak from 2ν decay to the 0 + 1 excited state was estimated as 112 ± 13 events (using the observed number of events in 590.8 keV peak and taking into account the difference in the efficiency). The excess of 17 ± 19 counts indicates that there is no signal. The 90% C.L. upper limit on the number of observed events for the decay to the 2 + 1 state is 43.5
1 , yielding a limit on the half life of T 1/2 > 2.5 · 10 21 yr. The limits obtained from other measurements, together with available data on ββ decay of 100 Mo are presented in Table 1 . (Fig. 1) . As one can see from figures 3 and 4, there are no statistically significant peaks at these energies.
Decays to the 2
The Bayesian approach [59] has been used to estimate limits. To construct the likelihood function, every bin of the spectrum is assumed to have a Poisson distribution with its mean µ i and the number of events equal to the content of the ith bin. The mean can be written in the general form,
The first term in (1) describes the contribution of the investigated process that may have a few γ-lines contributing appreciably to the ith bin. The parameter N is the number of decays, ε m is the detection efficiency of the see mth γ-line and a mi is the contribution of the mth line to the ith bin. For low-background measurements, a γ-line may be taken to have a gaussian shape. The second term gives contributions of background γ-lines. Here P k is the area of the kth γ-line and a ki is its contribution to the ith bin. The third term represents the so-called "continuous background" (b i ), which has been selected as a straight-line fit after rejecting all peaks in the region-ofinterest. We select this region as the peak to be investigated ± 30 standard deviations (≈ 20 keV). The likelihood function is the product of probabilities for selected bins. Normalizing over the parameter N gives the probability density function for N, which is used to calculate limits for N. To take into account errors in the γ-line shape parameters, peak areas, and other factors, one should multiply the likelihood function by the error probability distributions for these values and integrate, to provide the average probability density function for N. The photon detection efficiency for each investigated process is computed using MC simulations. Finally the lower half-life limits are found in the range (0.4 − 1.1) · 10 22 yr for the transitions (Table 1) . Table 1 also presents other limits on these transitions. Table 2 : Present "positive" results on 2νββ decay of 100 Mo to the first 0 + excited state of 100 Ru. N is the number of useful events, S/B is the signal-to-background ratio.
a) Sum of two peaks.
b) Sample was located between two HPGe detectors working in coincidence.
c)
The result was obtained using sum spectrum from 4 HPGe detectors. Using coincidence regime half-life was measured too, but with a few times worse accuracy. 
Discussion
Because the technique used in the present work does not allow for a distinction between 0νββ and 2νββ decay, our result for double beta decay of 100 Mo to the excited 0 + 1 state in 100 Ru is the sum of the 0νββ and 2νββ processes. However the detection of only the 2νββ decay is supported by the following argument -in the recent NEMO-3 paper [37] the limit on 0νββ decay of 100 Mo to the excited 0 + 1 state was established as 8.9 · 10 22 yr, which is two orders of magnitude stronger than the half-life value obtained here. Therefore, it is safe to assume that our result for T 1/2 refers solely to the 2νββ decay. For the transition to the 0 + 1 excited state of 100 Ru the obtained value is in a good agreement with results of previous experiments (see Table  2 ). Our result yields the best statistical accuracy, and one of the smallest systematic errors, of all previous measurements. As a result the most precise half-life value for 2ν transition of 100 Mo to the 0 + 1 excited state of 100 Ru is obtained.
Using the phase space factor value G = 6.055·10 −20 yr −1 [60] , g A = 1.2701 [61] and the measured half-life T 1/2 = [7.5 ± 0.6(stat) ± 0.6(syst)] · 10 20 yr, we obtain a NME value for the 2νββ transition to the 0 + 1 excited state of M 2 ν (0 + 1 ) = 0.092±0.006 (scaled by the electron rest mass). 2 We can compare this value 2 We use here the following relation, T −1 respectively. Independent of the NME model chosen,
) with a significance of more than 4σ. The knowledge of these NMEs can be exploited for the deeper understanding of the underlying nuclear structure, i.e. for the development of more reliable nuclear structure models. We note that ratio of the half-lives and the corresponding ratio of NMEs is independent of the value of the axial-vector coupling constant g A .
The observation of double beta decay to the 2 + 1 excited state is rather difficult above the background of the decay going to the 0 + 1 level. The experimental effect from the 2 + 1 decay is an additional contribution to the peak at an energy of 539.5 keV. In our case there is no significant excess. Therefore only a limit can be set, T 1/2 > 2.5 · 10 21 yr. This limit can be compared with previous results, > 1.6 · 10 21 yr [33] and > 1.1 · 10 21 yr [37] . From the general point of view, the decay to the 2 + excited state should be suppressed [62, 63] . Theoretical values for the half-life of this two neutrino transition usually lay in the interval ∼ 10 23 − 10 26 yr [64, 65, 66, 67] . Nevertheless in Ref.
[68] a more "optimistic" value (2.1 · 10 21 yr) was obtained which is however lower than the obtained experimental limit (2.5 · 10 21 yr). In the framework of the SSD mechanism, the prediction for this transition is ∼ (1 − 3) · 10 23 yr [69, 70] which is quite far from the achieved sensitivity. In the scheme with a "bosonic" neutrino, the decay rate can be increased by ∼ 100 times [44] . It is therefore interesting and important to increase the sensitivity of such measurements.
For the double beta decay of 100 Mo to the 2 Table 1 ).
G is the phase space factor [yr −1 ], g A is the axial vector coupling constant and M 2ν is the dimensionless nuclear matrix element.
Conclusion
Double beta decay of 100 Mo to the excited states of daughter nuclei was investigated with a high level of sensitivity. The half-life for the 2νββ decay of 100 Mo to the excited 0 + 1 state in 100 Ru is measured to be T 1/2 = [7.5 ± 0.6(stat) ± 0.6(syst)] · 10 20 yr. This is the most precise value yet obtained for this transition. For other (0ν + 2ν) transitions to the 2 
